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The need to ﬁnd more stable catalysts has encouraged the study of naturally resilient enzymes, such as
those found in extremophile organisms. In the present work, the inﬂuence of rare codons on the expres-
sion in Escherichia coli of the lipase Pf2001D60 from Pyrococcus furiosus was evaluated. Expression was
carried out in two E. coli strains, BL21(DE3)pLysS and the rare tRNA supplemented Rosetta(DE3)pLysS.
32 factorial design was used to appraise the inﬂuence of temperature and inducer concentration on
enzyme expression every hour for the 4-h expression period. Four response surfaces were constructed
for each time, and the statistical parameters were evaluated. Lipase production was twice as high for
Rosetta(DE3)pLysS than for BL21(DE3)pLysS. The factorial design indicated that optimal expression
occurred at 30 C after 4 h, with lipase production of 240 U/L. The analysis of statistical parameters during
the expression time showed that the velocity at which the enzyme was produced affected cell growth and
maximum activity, with a higher speed leading to lower expression and cell growth. The presence of rare
tRNAs prevented bottlenecks in lipase expression, and the experimental design was shown to be impor-
tant for maximizing the production strategies and minimizing the metabolic load to which the host is
subjected.
 2012 Elsevier Inc. Open access under the Elsevier OA license. Introduction
The search for sustainable and eco-friendly processes has re-
sulted in a rise in the utilization of biocatalysts in industry. The
development of these sustainable and economically viable technol-
ogies has led to a quest for new biocatalysts with a better capacity
to withstand the often adverse conditions in industrial processes.
The archaea domain has many microorganisms with the natural
ability to thrive in extreme temperature, pressure, salinity and
pH conditions. This makes them potential candidates for study in
the search for new approaches in biocatalysis [1,2].
One of the most widely studied archaea is Pyrococcus furiosus.
This microorganism has an optimal growth temperature of
100 C and is capable of withstanding high pressures. Its genome
has been fully sequenced [3] and some of its enzymes are very
important, like Pfu DNA polymerase, a widespread tool for molec-
ular biology [4]. However, the same characteristics that make these
enzymes of potential interest also make the microorganisms hard-
er to cultivate on a large scale. For instance, P. furiosus is anaerobic
and it does not normally reach high biomass concentrations, and it
utilizes S in order to produce H2S. In this context, molecular
biology can contribute greatly to the production and study ofevier OA license. hyperthermophilic enzymes on a larger scale, using hosts that
are easier to cultivate and can achieve high-level protein
expression.
One of these enzymes is the lipase PF2001 from P. furiosus. The
ORF PF2001 was characterized and the gene was cloned and ex-
pressed in Escherichia coli without the initial 60 bp, a hypothetical
signal peptide coding region. Initially the authors classiﬁed the en-
zyme as an esterase [5]. In another work the authors investigated
the stability of the enzyme. The protein retained more than 90%
stability when incubated for 6 h at 75 C in the presence of Triton
X-100 when fused to a TRX tag. They also found the enzyme opti-
mal activity temperature to be 80 C [6]. Furthermore the enzyme
was also immobilized on supports with different hydrophobicity
levels (butyl Sepabeads and octadecyl Sepabeads) [7]. The work
showed that the enzyme was hyperactivated in both supports
(140% and 237%, respectively), taking into account these data, the
authors reclassiﬁed this enzyme as a lipase. This biocatalyst pre-
sented high thermal stability (77% activity after incubation at
70 C for 120 min) and storage time (100% activity after 30 days
at room temperature). The optimal pH of the immobilized biocat-
alyst was found to be between 6 and 7, and the optimal tempera-
ture was 70 C. These data suggest it could be a promising
biocatalyst, although before implementation, more studies will
be needed for its characterization and to optimize the production
of the recombinant enzyme.
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tial uses in industry that beneﬁts from its thermostability. One
example is pitch control in cellulose and pulp manufactures, where
enzymes with optimal temperature of 70–85 C are used to control
pitch deposit in industrial scale [8]. Another example is the synthe-
sis of biodiesel and biolubricants, which beneﬁts from higher tem-
peratures and in these conditions, lipases with higher
thermostability can be more efﬁcient than the traditionally used
ones in terms of recycling and activity [9].
E. coli is the main host used for heterologous expression. The
abundance of tools that exist for its cloning and expression, the
low generation time and extensive knowledge of its metabolic pro-
cesses make this bacterium an attractive host for expressing a large
quantity of proteins [10,11]. However, not all proteins are properly
expressed in E. coli. There can be problems, like differences in the
codon usage between the host and the originalmicroorganism, tran-
scription/translation issues, like a lack of post-translational modiﬁ-
cations, protein toxicity, and the formation of inclusion bodies,
among others [12,13]. The protein is not always folded properly in
heterologous expression and one of the factors is the reductive
potential inside the E. coli cytoplasm, which hampers the formation
of disulﬁde bonds. The overexpression of the heterologous protein in
larger quantities than the host can handle is also a factor that lowers
theamountof properly foldedprotein. These factors canoften trigger
the formation of inclusion bodies, protein aggregates in corpuscular
form that accumulate in the cytoplasm. These inclusion bodies cause
stress, which activates a series of responsemechanisms towards the
cell metabolism, including the production of chaperones and prote-
ases, and can alter cell growth and stability [14].
As the PF2001D60 gene from the P. furiosus lipase has codons
that are considered rare in E. coli – AGG, AGA, AUA, CUA and
GGA –, this factor can be a bottleneck in the production of the li-
pase. Thus, the present work sought to investigate the inﬂuence
of these codons on the production of lipase PF2001D60, using
two E. coli strains, one with a supplement of tRNAs corresponding
to the rare codons, called Rosetta(DE3)pLysS, and the other one
without the tRNA supplement: BL21(DE3)pLysS.
The present work also studied the inﬂuence of temperature and
the concentration of the inducer, isopropyl-b-D-1-thiogalactopyra-
noside (IPTG)1, over different times of lipase expression by using 32
experimental design.Materials and methods
Strains
Thestrainsused intheworkwere:E. coliBL21(DE3)pLysS (FompT
gal dcm lon hsdSB(R

Bm

B ) k(DE3)pLysS(cmR)), Rosetta(DE3) (F
ompT
hsdSB(R

Bm

B ) gal dcm(DE3) pRARE (Cam
R)) and Rosetta(DE3)
pLysS(FompThsdSB(R

Bm

B ) gal dcmk(DE3)pLysSRARE (Cam
R)), from
the Laboratório de Microbiologia Molecular e de Proteínas (LaMMP-
UFRJ) culture collection. The ORF PF2001 was PCR ampliﬁed using
the genomic DNA from P. furiosus, and speciﬁc primers containing
BglII and SalI sites. This amplicon was cloned to pET32a generating
the plasmid pETPF2001D60. The enzyme expressed is fused to TRX
tag, totaling 48 kDa [5].Reagents
The culture medium used to grow the E. coli strains was Luria
Bertani medium (LB), acquired from Invitrogen. The antibiotics1 Abbreviations used: IPTG, isopropyl-b-D-1-thiogalactopyranoside; Laboratório de
Microbiologia Molecular e de Proteínas, LaMMP-UFRJ; LB, Luria Bertani medium
Cam, chloramphenicol; Amp, ampicillin; MUF-Hep, methylumbelliferyl-heptanoate
Bovine Serum Albumin; ALA, 5-aminolevulinate; ANOVA, Analysis of Variance.;
;used were chloramphenicol (Cam) and ampicillin (Amp), and the
substrate used for the activity assays was methylumbelliferyl-
heptanoate (MUF-Hep), bought from Sigma. The IPTG used was
from Merck™. The Bradford reagent utilized was from BioRad.
Inﬂuence of rare codons
Isolated colonies of E. coli, strains BL21(DE3)pLysS pET-
Pf2001D60 and Rosetta(DE3)pLysS pETPf2001D60, were cultivated
in solid LB medium, with speciﬁc antibiotics, and inoculated in li-
quid LB under selective pressure. The pre-inocula were incubated
at 37 C under agitation at 170 rpm for 18 h. So the cultures were
then inoculated at OD600nm of 0.17 in Erlenmeyer ﬂasks with new
LBmedium. The cultures were incubated at 37 C until OD600nm = 0.4
(about 0.075 g/mL dry weight), and induced with 0.75 mM IPTG.
Samples were collected at the time of induction and every hour
during the 4-h expression time. After the process, the samples
were centrifuged for 10 min at 13,000g. The supernatant was then
discarded and the cells were stored at 20 C.
To analyze expression, the cells were lysed by ultrasound (300–
400W) in the presence of 300 ll phosphate buffer, pH 7, 0.05 M.
In order to determine the inﬂuence of the rare codons on
expression, the biomass (mg/mL) and speciﬁc activity (U/g of pro-
tein) obtained for each strain were compared. The online program
GCUA [15] was used to compare the codon usage frequency of
E. coli and the pf2001 gene from P. furiosus.
SDS–PAGE electrophoresis and zymography
The quantity of cell extracts used in the assays was normalized
by OD600nm and the samples were submitted to denaturing condi-
tions using SDS–PAGE electrophoresis with 12% (w/v) polyacryl-
amide gel, according to [16]. The resulting gel was then
incubated in a 2.5% (v/v) Triton X-100 solution for 30 min under
mild agitation. After that, the gel was washed with 0.05 mM phos-
phate buffer, pH 7.0, and then with a solution containing 100 lM of
the substrate (MUF-Hep), according to Prim et al. [17]. After the
zymogram, the gel was washed with distilled water and then
stained with Coomassie solution [18].
Protein assay
Protein concentration was determined according to [19], using
Bovine Serum Albumin (BSA) as a standard and a microplate spec-
trophotometer at 595 nm.
Enzyme activity
The crude extract obtained from the cell lysis was used in all the
assays. The activity assay was conducted according to Prim et al.
[17], using 100 lM MUF-Hep as a substrate. 10–60 lL samples of
the protein extract were used in the analysis at a temperature of
70 C and in phosphate buffer, 0.05 M, pH 7. One unit of enzymatic
activity was deﬁned as the enzyme quantity necessary to catalyze
the formation of 1 lmol of MUF a minute.
Experimental design
The statistical analysis used the Rosetta(DE3) pETPf2001D60
strain with a 32 factorial experimental design, with three replicates
at the central point. The variables controlled were inducer concen-
tration (0.25 mM, 0.50 mM and 0.75 mM) and incubation temper-
ature (23 C, 30 C and 37 C), according to Table 1. Experiments
were also performed without the presence of the inducer, to act
as a control. The response variables were biomass (dry cell weight
– g/L) and speciﬁc activity (U/g of protein). Response surfaces were
Table 1
Variables and levels used in the experimental design.
Coded levels of the variables
Variables 1 0 1
Temperature (C) 23 30 37
[IPTG] (mM) 0.25 0.50 0.75
28 M.V.H. Moura et al. / Protein Expression and Puriﬁcation 88 (2013) 26–32generated for 1–4 h of time of induction, using the STATISTICA 7.0
software package.Results and discussion
Inﬂuence of rare codons
To verify the inﬂuence of codon bias on expression, a compari-
son between the codon usage of E. coli and P. furiosus was made.
Fig. 1 shows the relative adaptability of ORF PF2001D60 and
E. coli to the codons supplemented by Rosetta(DE3)pLysS. As can
be seen, codons GGA, AGA, AGG, CAA, CTA, CTC, CTT, TTA and
ACA were used in high frequency in ORF PF2001D60 and in low
frequency in E. coli.
As the tRNA pool is related to the abundance of codons in the
DNA, a lack of speciﬁc tRNA can result in low translation efﬁciency,
causing wrong amino acid incorporations, delaying the process and
even causing its premature end [13]. This effect can be more pro-
nounced if the codons are located at the N-terminus of the protein.
For that reason, the rare tRNAs, AGG, AGA GGA, AUA and CUA, sup-
plemented in the Rosetta(DE3)pLysS strain of E. coli can diminish
these bottlenecks, causing an increase in heterologous expression.
This effect can be observed in Fig. 2a, which shows the speciﬁc
activity kinetics for both strains. It can be seen that the maximum
activity values of Rosetta were twice as high as BL21, and that the
maximum was reached 1 h earlier for the strain with tRNA supple-
ment (60 U/g and 30 U/g, respectively), resulting in four-fold high-
er productivity for the Rosetta(DE3)pLysS strain.
The electrophoresis and zymogram in Fig. 2b and c also shows
higher expression levels for the Rosetta strain. According to zymo-
gram, two bands showed activity toward MUF-Hep. One band in
48 kDa refers to lipase fused to TRX, and another around 30 kDa
suggesting proteolytic action. These data indicate that rare tRNAs
do inﬂuence heterologous expression of the lipase.
Fu et al. [20], comparing the expression of Rhodobacter
sphaeroides 5-aminolevulinate (ALA) synthase in two E. coli strains,Fig. 1. Comparison of codon usage of E. coli (gray) and the ORF PF2001 from P. furiosus (
relative adaptiveness. For each aminoacid the codon with the highest frequency value is
accordingly. Only the codons with high difference in relative adaptiveness are presenteRosetta(DE3) and BL21(DE3), observed comparable results, obtain-
ing similar cell growth for both strains, but enzyme production of
up to 30% higher in the codon-optimized strain. Tegel et al. [21],
comparing the expression of 68 proteins in Rosetta(DE3) and
BL21(DE3), also observed an increase in protein yield for the Roset-
ta(DE3) strain in 35 cases. Furthermore, they observed that in the
32 cases which the heterologous expression in BL21(DE3) was con-
sidered insufﬁcient (below the threshold of 1 mg protein in 100 mL
culture), the codon-optimized strain yielded increased expression
in 24 cases, and in 16 of these, the expression levels surpassed
the cutoff of 1 mg. The percentage of proteins recovered with over
80% purity was also higher in Rosetta(DE3).
These bottlenecks in expression can also be avoided by using
synthetic codon-optimized DNA, that exchange the rare codons
by ones more frequently used by the host. However, supplemented
tRNA strains can be considered as alternatives to these synthetic
genes. Burgess-Brown et al. [22], expressed 30 proteins from hu-
man genes in E. coli in order to compare, among others, the effect
of synthetic genes and tRNA supplemented strains in the expres-
sion. The work showed that the tRNA supplemented strains were
able to mimick the behavior of the codon-optimized genes and im-
prove expression in a considerable number of cases.Inﬂuence of temperature and IPTG concentration
As the presence of rare tRNAs improved expression, Roset-
ta(DE3) was used in a 32 experimental design, using temperature
and inducer concentration as the variables to optimize expression.
The response variables adopted were speciﬁc activity and cell
growth. Table 2 shows the experimental conditions and the results
used to generate the response surfaces.Cell growth
The biomass variation during expression can be seen in Fig. 3.
The graph clearly shows a reduction in biomass at 37 C when
compared with the cells cultivated without induction.
Table 3 shows the inﬂuence of the parameters and the interac-
tion between them during the 4-h expression period.
As a response variable, biomass showed a predominantly linear
dependence on temperature, but was not affected by the IPTG con-
centration during the ﬁrst 2 h of expression. After the third hour,
30 C began to be a better temperature for expression, leading to
a quadratic model of dependence for temperature, as shown in
Table 3.black) as calculated using the online program GCUA [15]. The y axis represents the
set to 100% relative adaptiveness. All other codons for the same aminoacid ar scaled
d.
Fig. 2. Inﬂuence of rare codons on lipase PF2001 expression. (A) Speciﬁc activity of
lipase during expression in Rosetta(DE3)pLysS (full line) and BL21(DE3)pLysS
(dashed line), after induction with 0.75 mM IPTG at 37 C. (B) SDS–PAGE and (C)
Zymogram of the expressions. Lanes: (0) Molecular Weight; (1) BL21 t = 0 h; (2)
BL21 t = 1 h; (3) BL21 t = 2 h; (4) BL21 t = 3 h; (5) Rosetta t = 0 h; (6) Rosetta t = 1 h;
(7) Rosetta t = 2 h; (8) Rosetta t = 3 h; (9) Rosetta t = 4 h.
Table 2
Temperature and inducer concentration in the experimental design using biomass as
a response variable for recombinant expression in E. coli.
Temperature (C) IPTG (mM) Cell growth (g/L)
1 h 2 h 3 h 4 h
37 0.75 0.189 0.260 0.243 0.172
37 0.5 0.182 0.277 0.259 0.200
37 0.25 0.193 0.268 0.283 0.238
30 0.75 0.175 0.255 0.283 0.365
30 0.5 0.171 0.243 0.292 0.369
30 0.25 0.166 0.241 0.301 0.378
23 0.75 0.108 0.163 0.218 0.265
23 0.5 0.122 0.185 0.223 0.278
23 0.25 0.137 0.197 0.234 0.277
30 0.5 0.167 0.237 0.292 0.374
30 0.5 0.171 0.239 0.293 0.373
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between the effects of temperature and inducer became signiﬁ-
cant, inﬂuencing cell growth negatively. This suggests that after
the second hour, at 37 C, lipase production started to stress the
cells, resulting in a reduced growth rate.
Fig. 3 shows in more detail the response surface generated after
the fourth hour. At this time the best condition for cell growth is
30 C, yielding the highest dry cell weight. Although the IPTG con-
centration was statistically signiﬁcant, all three concentrations
were near the optimal range.
According to the Analysis of Variance (ANOVA), the model de-
scribed the phenomenon well (R2 = 0.99). The lack of ﬁt was notstatistically signiﬁcant (p > 0.1) and Fcalc (146) was bigger than Ftab
(1.95) (Table 4). The equation that described the phenomenon was:
Z = 0.37  0.03  temperature  0.13  temperature2  0.014 
[IPTG]  0.01  [IPTG]2  0.01  temperature  [IPTG]
The negative inﬂuence of the higher temperatures can be well
observed in Fig. 3, indicating an optimal temperature around
30 C. This behavior can be explained by the increasing stress the
host underwent, with great quantities of protein being formed in
the cytoplasm. As temperature increases, the speciﬁc growth rate
also increases, as does the cell metabolism involved in protein pro-
duction, involving transcription, translation, and folding mecha-
nisms [12]. All this metabolic burden reached critical levels at
37 C, damaging cell upkeep and decreasing the overall quantity
of biomass.
The inﬂuence of temperature on heterologous expression has
been discussed at length in the literature. Hannig and Makrides
[13] recommend lowering the culture temperature as a strategy
for increasing the amount of correctly folded protein produced
and lowering the metabolic burden of heterologous expression.
Sorensen and Mortensen [11] deﬁne metabolic burden as the
quantity of resources (carbon, nitrogen and energy in the form of
ATP and GTP) taken from the host’s metabolism due to the expres-
sion of the heterologous protein. Razali et al. [23] also discuss the
reduced growth rate and even cell death caused by metabolic over-
load. Meanwhile, some authors found an inverse correlation be-
tween productivity and growth rate [24,25]. They also report a
decrease in cell growth with heterologous expression. This was
also veriﬁed when comparing growth with inducer concentration,
with growth being interrupted when the cell accumulates about
30% of its total weight in recombinant protein [25]. This was also
observed in the present work, in which the inducer concentration
had a negative effect on cell growth after the third hour of induc-
tion, pointing to an optimal region where the metabolic burden is
just enough to achieve the highest possible protein expression
without diminishing the growth rate.Speciﬁc activity
Speciﬁc activity was also used as a response variable. The
behavior of statistical parameters was similar to those of cell
growth, as can be seen in Table 5. Temperature, which had a linear
effect until the third hour, began to have a quadratic effect in the
ﬁnal hour of the process.
IPTG concentration was not found to be statistically signiﬁcant
in this set of response surfaces.
Fig. 3. (A) Cell growth (g/L) of Rosetta (DE3) during lipase expression under experimental design conditions (full line – 37 C, dotted dashed line – 30 C, dashed line – 23 C;
circles – no inductor, square – 0.75 mM inductor concentration, triangle – 0.50 mM inductor concentration, diamonds – 0.25 mM inductor). (B) Response surface of cell
growth of Rosetta (DE3) (R2 = 0.99974) at 4 h of expression using temperature and IPTG concentration as independent variables.
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expression (180–240 U/g), for which an upward trend was still ob-
served after 4 h of expression (Fig. 4). At 37 C there was a rapid
accumulation of enzyme in the ﬁrst hour of expression, followedTable 3
Parameters estimated by statistical analysis of cell growth of Rosetta(DE3) at 1–4 h.
The values marked with () were not statistically signiﬁcant to a p-value of p = 0.1. The
analysis was made using software STATISTICA 7.0.
Induction
time (h)
Linear effect
temperature
Quad. effect
temperature
Linear
effect
IPTG
T(L)  IPTG(L)
1 0.065 0.015 0.008 0.012
2 0.086 0.020 0.009 0.013
3 0.038 0.049 0.017 0.024
4 0.070 0.133 0.030 0.027
Table 4
ANOVA of the statistical experimental design with cell growth as a response variable.
Fcalc = 146.83, Ftab = 1.95. SS – Sum of Squares.
SS df MS F P
Temperature 0.051156 2 0.025578 3413.149 0.000293
[IPTG] 0.001240 2 0.000620 82.720 0.011945
Temp  IPTG 0.000723 1 0.000723 96.429 0.010212
Lack of ﬁt 0.000387 3 0.000129 17.206 0.055428
Pure error 0.000015 2 0.000007
Residual SS 0.057182 10
Table 5
Parameters estimated by statistical analysis of speciﬁc activity at 1–4 h. The values
marked with () were not statistically signiﬁcant to a p-value of p = 0.1. The analysis
was made using software STATISTICA 7.0.
Induction time (h) Linear effect of temp. Quad. effect of temp.
1 64.35 16.34
2 36.15 8.69
3 58.65 5.93
4 40.99 96.35by stagnation and a drop in its levels after the third hour. This
behavior could also be explained by an increased metabolic burden
due to the production of recombinant protein [23,26,27].
It was observed that the burden of producing recombinant pro-
tein at a higher rate was more harmful to the host than the overall
accumulation of lipase, as expression at 30 C yielded higher levels
of active lipase than expression at 37 C. This suggests that the in-
creased burden is connected not only to production itself, but also
to how the lipase is folded in the cytoplasm.
It is widely reported in the literature that higher rates of recom-
binant enzyme production can lead to protein misfolding. This kind
of misfolded protein, in high quantities, tends to clump together to
form insoluble agglomerates called inclusion bodies [28]. One of
the ways to minimize their formation is the expression of recombi-
nant proteins at a lower temperature.
Hoffmann and Rinas [25] discuss the types of stress caused by
recombinant expression in E. coli. The presence of plasmids and
gene expression induces a metabolic burden on cells, as discussed
before, which is interpreted as a stress signal. This signal activates
the stress-response mechanisms in the host, like heat-shock, star-
vation and S.O.S. responses, activating, among other things, heat
shock protease production in an attempt to minimize the source
of the stress. Lower temperatures do not favor the activation of
proteases, but do favor the production of chaperones, thus leading
to an increase in correctly folded protein [11].
Fig. 5 shows the response surface using activity as the response
variable, and Table 6 shows the ANOVA of the model in order to
identify the best conditions. The phenomenon was considered well
ﬁtted by the model due to the difference between Fcalc and Ftab. It
can be described by the following expression:
Z = 200.99  20.49  temperature  96.35  temperature2 +
21.67  [IPTG] + 2.75  [IPTG]2  2.54  temperature  [IPTG]
The optimal value for the fourth hour of expression was again
located in the central region of the graph, at 30 C, in response to
the quadratic inﬂuence of temperature on the process. IPTG con-
centration was not statistically signiﬁcant to the model.
According to the data obtained in the two response surfaces, the
optimal condition was 30 C and 0.25 mM, since the effect of indu-
Fig. 5. Response surface of speciﬁc activity (R2 = 0.87662) at 4 h of expression in
Rosetta(DE3) using temperature and IPTG concentration as independent variables.
Table 6
ANOVA of the statistical experimental design with speciﬁc activity as a response
variable. Fcalc = 146.83, Ftab = 1.95.
SS df MS F P
Temperature 26038.92 2 13019.46 9.350198 0.096617
[IPTG] 2835.87 2 1417.93 1.018319 0.495462
Temp  IPTG 25.81 1 25.81 0.018533 0.904179
Lack of Fit 1476.34 3 492.11 0.353422 0.796069
Pure Error 2784.85 2 1392.43
Residual SS 34577.88 10
Fig. 4. Speciﬁc activity of lipase (U/g) after induction in Rosetta(DE3) under experimental design conditions (full line – 37 C, dotted dashed line – 30 C, dashed line – 23 C;
triangles – 0.75 mM IPTG, squares – 0.50 mM IPTG, diamonds – 0.25 mM IPTG).
M.V.H. Moura et al. / Protein Expression and Puriﬁcation 88 (2013) 26–32 31cer concentration was not very important at 4 h of expression and
could be used at lower values.Conclusions
The expression of the lipase PF2001D60 from P. furiosus was
better in the codon-optimized E. coli strain, Rosetta(DE3)pLysS.
This showed that the rare tRNA pool helped prevent bottlenecks
in translation and express the recombinant protein faster and in
larger quantities than in the other strain, BL21(DE3)pLysS.
The rate at which lipase was produced in Rosetta(DE3) had
important consequences both for cell growth and maximum spe-
ciﬁc activity during expression. When the production rate washigher, this probably led to an increase in the metabolic burden,
causing misfolding problems and the formation of inclusion
bodies. Temperature was the main factor in the recombinant
expression process, indicating that the metabolic burden can be
controlled by controlling process conditions.
The experimental design showed that the inﬂuence of IPTG con-
centration was not statistically signiﬁcant. Cell growth was inver-
sely correlated with inducer concentration, and the optimal
conditions found using both response variables were 30 C and
0.25 mM.Acknowledgments
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